Abstract. An accumulating number of studies have reported that the expression levels of microRNAs (miRNAs/miRs) are dysregulated in a variety of human cancer types, including renal cell carcinoma (RCC). miRNAs play essential functions in tumorigenesis and the progression of tumors by serving as oncogenes or tumor suppressors. Recently, the expression and functions of miR-138 have been studied in a number of human cancer types; however, its role in RCC remains poorly understood. In the present study, the results revealed that miR-138 was significantly downregulated in RCC cell lines and tissues, and that low expression levels of miR-138 were correlated with histological grade, tumor stage and lymph node metastasis. In functional studies, restoration of miR-138 expression inhibited cell proliferation and invasion of ACHN and A498 cells. In addition, SOX9 was validated as a direct target gene of miR-138 in RCC. SOX9 knockdown inhibited cell proliferation and invasion of RCC, with a similar effect to that induced by miR-138, rendering SOX9 a functional target of miR-138 in the disease. These findings indicate that miR-138 may present a novel target for therapeutic strategies in RCC.
Introduction
Renal cell carcinoma (RCC) is the most common malignant cancer of the kidney in adults, accounting for almost 4% of all tumors (1) . It is estimated that there are ~30,000 new cases and 12,000 mortalities due to RCC every year in the USA (2) . RCC may be histologically classified into three subtypes, including clear cell RCC, papillary RCC and chromophobe RCC. Clear cell RCC is the most common of these subtypes, accounting for 75 to 80% of RCC cases, and also is the most aggressive (3) (4) (5) . The standard curative treatment for patients with localized RCC is surgical excision with total nephrectomy. However, in ~30% of cases the tumors have already metastasized at the time of initial presentation (6, 7) . In addition, the benefit of chemotherapeutic and radiological approaches for RCC is limited, which results in a poor prognosis and a low five-year survival rate (8) . It is therefore an urgent requirement to investigate novel molecular biomarkers which may be used for early detection and targeted therapy, based on the developing knowledge of the tumorigenesis and progression mechanisms of RCC.
MicroRNAs (miRNAs/miRs), small non-coding RNA molecules of ~19-25 nucleotides (nt) in length, exist in a number of organisms and are cleaved from 70 to 100-nt-long hairpin pre-miRNA precursors by the enzyme Drosha (9, 10) . miRNAs suppress gene expression at the post-transcriptional level through imperfect complementary sequence pairing to the 3' untranslated regions (3'UTRs) of their target genes and inducing mRNA degradation or translational repression (11, 12) . It is estimated that >30% of human genes are regulated by miRNAs, and that they are involved in a variety of biological functions, including proliferation, differentiation, cell cycle, apoptosis, angiogenesis, invasion and metastasis (13, 14) . An accumulating number of studies have reported that miRNA expression levels are dysregulated in a variety of human cancer types (15) (16) (17) . miRNAs play key functions in the initiation and progression of tumors by serving as oncogenes or tumor suppressors, primarily depending on the roles of their target genes (18) (19) (20) . Therefore, miRNAs may be therapeutic targets for novel treatment strategies against RCC.
In this study, miR-138 expression was observed to be downregulated in RCC cell lines and tissues, and the expression of miR-138 was correlated with histological grade, tumor stage and lymph node metastasis. miR-138 was identified as a tumor suppressor in RCC, by inhibiting RCC cell proliferation and invasion. Furthermore, SOX9 was demonstrated to be a direct and functional target gene of miR-138 in RCC. These findings from the present study indicate that miR-138 may be a potential therapeutic target for RCC. Cell transfection. The following oligonucleotides were used in the present study: miR-138 mimics, scrambled control (NC), SOX9 siRNA (si-SOX9) and control siRNA (si-NC). Cells were transfected with these oligonucleotides using Lipofectamine ® 2000 transfection reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.
Materials and methods

Tissue
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. Total RNA was extracted from cell lines or tissue samples using TRIzol (Invitrogen), following to the manufacturer's protocol. For miR-138 expression, RT-qPCR was performed in a CFX96 Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using a One
Step SYBR ® PrimeScript™ miRNA RT-PCR kit (Takara Bio, Inc., Otsu, Japan). For analysis of SOX9 mRNA, cDNA was synthesized using the Moloney Murine Leukemia Virus Reverse Transcription system (Promega Corporation, Madison, WI, USA), and qPCR was performed with a SYBR-Green I mix (Takara Bio), according to the manufacturer's protocol. The relative expression of miR-138 and SOX9 mRNA was determined using the 2 -∆∆Ct analysis method, where U6 was used as an internal control for miR-138 and GADPH for SOX9 mRNA.
MTT assay. The capacity for cellular proliferation was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich; EMD Millipore, Billerica, MA, USA) assay. Cells were plated at 3,000 cells per well in 96-well culture plates. Following transfection for 24, 48, 72 and 96 h, 20 µl MTT solution (5 mg/ml) was added to the wells and incubated for an additional 4 h. The supernatant was then removed and 200 µl dimethylsulphoxide was added to each well to dissolve the precipitate. Finally, absorbance was measured at a wavelength of 490 nm using a microplate reader (model 680; Bio-Rad Laboratories, Inc.).
Transwell invasion assay.
The capacity for cellular invasion was evaluated using Transwell chambers (8.0 mm pore size; BD Biosciences, San Jose, CA, USA). The chambers were coated with Matrigel (BD Biosciences) and incubated for another 5 h. Transfected cells were collected 48 h after transfection, and re-suspended in FBS-free DMEM. A total of 1x10 4 cells were plated into the upper chamber, while culture medium containing 20% FBS in the lower chamber served as a chemoattractant. Following incubation for 48 h, the cells that did not invade through the pores were carefully removed with a cotton swab. The invaded cells were fixed with 95% ethanol, stained with 0.1% crystal violet and washed with phosphate-buffered saline (Gibco; Thermo Fisher Scientific, Inc.). The number of invaded cells was counted in five randomly selected fields using an Eclipse TS 100 microscope (Nikon Corporation, Tokyo, Japan).
Western blot analysis.
At 72 h after transfection, total protein was extracted using radioimmunoprecipitation assay lysis buffer (50 mM Tris Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS/1% aprotinin, 50 mM NaF and 0.1 mM Na 3 VO 4 ) supplemented with a protease inhibitor cocktail (Promega Corporation). After denaturing at 100˚C for 5 min, equal amounts of proteins were separated using 10% SDS-PAGE, and then transferred onto polyvinylidene difluoride membranes (EMD Millipore). Subsequently, the membranes were blocked with Tris-buffered saline containing 5% skimmed milk, and probed with primary antibodies, including mouse anti-human monoclonal SOX9 antibody (1:1,000 dilution; sc-166505; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human monoclonal β-actin antibody (1:1,000 dilution; sc-130301; Santa Cruz Biotechnology, Inc.), at 4˚C for 12 h. Finally, protein signals were detected using goat anti-mouse horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Inc.). Bands were visualized using enhanced chemiluminescence solution (Pierce; Thermo Fisher Scientific, Inc.). The relative expression of SOX9 was determined after normalizing to β-actin.
Luciferase reporter assay. For the luciferase reporter assay, PGL3-SOX9-3'UTR wild-type (Wt) and PGL3-SOX9-3'UTR mutant (Mut) luciferase reporter vectors were synthesized and purified by GenePharma (Shanghai, China). In brief, cells were seeded into 24-well plates at a confluence of 60-70%. Following incubation overnight, cells were transfected with miR-138 mimics or NC together with luciferase reporter vectors using Lipofectamine ® 2000 transfection reagent. At 48 h after transfection, luciferase activity was quantified using the Dual-Luciferase Reporter Assay system (Promega Corporation). The results were normalized to Renilla luciferase activity.
Statistical analysis. Data are expressed as the means ± standard deviation from at least three separate experiments, and compared using SPSS version 18.0 software (SPSS, Inc., Chicago, IL, USA). Values of P<0.05 were considered to indicate a statistically significant difference.
Results
miR-138 is downregulated in RCC and is associated with clinicopathological features.
First, miR-138 expression was measured in five RCC cell lines (786-O, ACHN, A498, OS-RC-2 and Caki-1) and the non-malignant SV-40 immortalized renal cell line (HK-2). Expression levels of miR-138 were observed to be significantly lower in RCC cell lines than in HK-2 (Fig. 1A, P<0 .05). miR-138 expression was also evaluated in RCC tissues and matched NATs. As shown in Fig. 1B , miR-138 was downregulated in RCC tissues compared with matched NATs (P<0.05).
Next, the association between miR-138 expression levels and clinicopathological factors of RCC patients was assessed. As shown in Table I , low expression levels of miR-138 were significantly correlated with histological grade, tumor stage and lymph node metastasis (P<0.05). However, there were no notable differences between miR-138 expression and other clinicopathological features in this study (P>0.05). These findings suggest that miR-138 was downregulated in RCC, and that low expression levels of miR-138 may serve a significant role in RCC carcinogenesis and progression.
miR-138 inhibits proliferation and invasion of RCC cells.
The significantly low expression of miR-138 in RCC cell lines and tissues prompted the investigation of the contribution of miR-138 in RCC carcinogenesis and progression. To determine this, its expression was increased in RCC cells. miR-138 mimics or NC were transfected into ACHN and A498 cells. Upregulation of miR-138 in ACHN and A498 cells was confirmed by RT-qPCR (Fig. 2A, P<0.05 ).
The effect of miR-138 on RCC cell proliferation was evaluated by MTT assay. As shown in Fig. 2B , ectopic miR-138 expression significantly inhibited the proliferation of ACHN and A498 cells compared with NC (Fig. 2B, P<0.05) .
Furthermore, the effect of miR-138 on RCC cell invasion was assessed by Transwell invasion assay. The results revealed that overexpression of miR-138 decreased RCC cell invasion ability (Fig. 2C, P<0 .05). This indicated that miR-138 acted as a tumor suppressor in RCC by inhibiting cell proliferation and invasion.
SOX9 is a target gene of miR-138.
To elucidate the underlying molecular mechanisms by which miR-138 exerts its suppressive functions, the direct target genes of miR-138 were explored. Using TargetScan (http://www.targetscan.org/vert_60/), SOX9 was observed to be a potential target of miR-138 based on putative target sequences at position 1082-1089 of the SOX9 3'UTR (Fig. 3A) .
To investigate whether SOX9 was a direct target of miR-138, luciferase reporter assay was performed. PGL3-SOX9-3'UTR Wt or PGL3-SOX9-3'UTR Mut luciferase reporter vectors, together with miR-138 mimics or NC, were co-transfected into ACHN and A498 cells. The results revealed that luciferase activity was notably suppressed by miR-138 mimics in PGL3-SOX9-3'UTR Wt (Fig. 3B, P<0 .05), whereas the inhibitory effect of miR-138 mimics was abolished in PGL3-SOX9-3'UTR Mut.
To examine the inhibitory effect of miR-138 on SOX9 expression, RT-qPCR and western blot analysis were performed in ACHN and A498 cells transfected with miR-138 mimics or NC. The results revealed that the mRNA (Fig. 3C,  P<0 .05) and protein (Fig. 3D, P<0 .05) levels of SOX9 in Table I . Correlation between miR-138 expression and clinicopathological features. ACHN and A498 cells transfected with miR-138 mimics were significantly decreased compared with those in the NC groups. Taken together, these results strongly indicated that SOX9 was a direct target of miR-138 in RCC.
miR-138 expression ---------------------------
SOX9 knockdown inhibits RCC cell proliferation and invasion.
To explore whether SOX9 affected RCC cell proliferation and invasion, si-SOX9 or si-NC was introduced into ACHN and A498 cells. Following transfection, the expression of SOX9 mRNA was significantly downregulated in ACHN and A498 cells transfected with si-SOX9 (Fig. 4A, P<0.05) .
To determine the effect of SOX9 knockdown on RCC cell proliferation, MTT assay was performed in ACHN and A498 cells transfected with si-SOX9 or si-NC. As shown in Fig. 4B , cell proliferation was significantly suppressed by si-SOX9 in ACHN and A498 cells (P<0.05).
Transwell invasion assay was adopted to evaluate the effect of SOX9 knockdown on RCC cell invasion. As shown in Fig. 4C , the number of invading cells was significantly decreased in ACHN and A498 cells transfected with si-SOX9 compared with the si-NC groups. Collectively, knockdown of SOX9 notably inhibited RCC cell proliferation and invasion, with a similar effect to that induced by miR-138, rendering SOX9 a functional target of miR-138 in RCC.
Discussion
In the present study, it was revealed that miR-138 was significantly downregulated in RCC cell lines and tissue samples compared with the non-malignant SV-40 immortalized renal cell line and matched NATs, respectively. Decreased expression levels of miR-138 were notably correlated with histological grade, tumor stage and lymph node metastasis in RCC patients. In addition, enforced miR-138 expression reduced cell proliferation and invasion of RCC. Next, SOX9 was validated as a direct target gene of miR-138 in RCC. The effects of SOX9 knockdown on RCC cell proliferation and invasion were similar to those induced by miR-138 overexpression, rendering SOX9 a functional target of miR-138 in RCC. From these data, it was concluded that miR-138 may serve as a potential treatment target to inhibit the growth and metastasis of RCC.
Downregulation of miR-138 has been identified in several cancer types, including breast cancer (21), bladder cancer (22) , larynx carcinoma (23), colorectal cancer (24, 25) , non-small cell lung cancer (26, 27) , oral squamous cell carcinoma (28) , gallbladder carcinoma (29) , pancreatic cancer (30), hepatocellular carcinoma (31) and glioblastoma (32) . More significantly, miR-138 expression levels were observed to be correlated with clinicopathological features of cancer patients. For example, in breast cancer, miR-138 expression was correlated with lymph node metastasis and invasion (21) . In non-small cell lung cancer, low expression levels of miR-138 were significantly associated with advanced tumor-node-metastasis (TNM) stage and positive lymph node metastasis. In addition, non-small cell lung cancer patients with low miR-138 expression levels had a shorter overall survival time than those with high miR-138 expression levels (27) . In hepatocellular carcinoma, miR-138 downregulation was significantly correlated with advanced TNM stage and the presence of portal vein invasion and lymph node metastasis. In addition, multivariate survival analysis indicated that low expression of miR-138 was an independent prognostic factor for patients with hepatocellular carcinoma (31) . In glioblastoma, high expression levels of miR-138 were associated with a long overall and progression-free survival time (32) . These findings suggested that miR-138 may represent a promising prognostic biomarker of human cancer.
Previous studies have reported that miR-138 is involved in tumorigenesis and progression of several tumor types. Zhang et al reported that miR-138 overexpression inhibited breast cancer metastasis and epithelial-mesenchymal transition through negative regulation of vimentin (21) . Sun et al noted that miR-138 targeted zinc finger E-box-binding homeobox 2 to suppress bladder cancer invasion and metastases (22) . Long et al demonstrated that inhibition of miR-138 in colorectal cancer cells resulted in a significant reduction of migration and invasion capacity by directly targeting TWIST2 (25) . In non-small cell lung cancer, miR-138 decreased cell proliferation, migration in vitro and tumor growth in vivo, and increased cisplatin sensitivity through targeting multiple genes, including G protein-coupled receptor kinase interacting ArfGAP 1 (GIT1), semaphorin 4C, cyclin D3, Glucose regulated protein 124 (GRP124), enhancer of zeste homolog 2 and pyruvate dehydrogenase kinase 1 (26, (33) (34) (35) . In oral squamous cell carcinoma, miR-138 inhibited cell proliferation via blockade of yes-associated protein 1 (28). Ma et al revealed that miR-138 inhibited gallbladder carcinoma cell proliferation by targeting BCL2-associated athanogene 1 (29) . In pancreatic cancer, miR-138 overexpression reduced pancreatic cancer cell growth through directly targeting forkhead box C1 (30) . In hepatocellular carcinoma, restoration of miR-138 expression suppressed cell viability and colony formation, and decreased tumor cell growth in xenograft nude mice by directly targeting cyclin D3 (36) . Thus, re-expression of miR-138 in these human cancer types may be a new potential therapeutic approach. miRNAs serve crucial gene regulatory functions by affecting the expression of multiple genes. To better understand the roles of miR-138 in RCC carcinogenesis and progression, miR-138 target genes were searched. In the present study, SOX9 was identified as a novel direct target gene of miR-138. First, TargetScan analysis revealed that SOX9 was a potential target of miR-138 based on putative target sequences at position 1082-1089 of the SOX9 3'UTR. Second, luciferase reporter assay revealed that luciferase activity was suppressed by miR-138 in PGL3-SOX9-3'UTR Wt, whereas the inhibitory effect of miR-138 was abolished in PGL3-SOX9-3'UTR Mut, indicating that SOX9 could be targeted by miR-138. Third, RT-qPCR and western blot analysis demonstrated an inhibitory effect of miR-138 on SOX9 expression at the mRNA and protein levels. Finally, knockdown of SOX9 notably inhibited RCC cell proliferation and invasion, with an effect similar to that induced by miR-138, rendering SOX9 a functional target of miR-138 in RCC. These results demonstrated that SOX9 was a direct and functional target of miR-138 in RCC. miR-138 repressed RCC cell proliferation and invasion through negative regulation of SOX9 expression.
In conclusion, miR-138 was significantly downregulated in RCC, and low expression levels of miR-138 were associated with histological grade, tumor stage and lymph node metastasis. In addition, miR-138 acted as a tumor suppressor in RCC by inhibiting RCC cell proliferation and invasion. SOX9 was also identified as a direct target gene of miR-138. The miR-138/SOX9-based molecular network may serve a critical role in RCC carcinogenesis and progression, and serve as a novel therapeutic target for patients with RCC.
